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Verlinde’s ideas considered gravity as an emergent force originated from entropic concepts. This
hypothesis generated a huge number of papers through the last recent years concerning classical
and quantum approaches about the issue. In a recent paper Kobakhidze, using ultra-cold neutrons
experiment, claimed that Verlinde’s entropic gravity is not correct. In this letter, by considering the
Tsallis nonadditivity entropy concerning the holographic screen, where we assumed that the bits
are entangled states, we showed that it is possible to confirm Verlinde’s formalism.
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The results of Kobakhidze’s approach (KA) [1] dis-
prove the entropic force idea suggested by Verlinde’s
(VE) formalism [2]. The central question is that the
entropy formula defined by VE formalism, in principle,
leads to a quantum neutron mixed state whose main out-
come disagrees with the results from the ultra-cold neu-
tron experiment in the Earth gravitational field [3]. How-
ever, Chaichian, Oksanen and Tureanu [4] have pointed
out that the KA steps simplifies the VE formalism and
assumes hypothesis that are not mentioned in VE the-
ory. So, the aim of this letter is to show that when we
consider that the entropy of the neutron-screen system
no longer obeys the additive property, then the neutron
can remain in a pure state and consequently, there is no
more contradiction between the VE formalism and the
ultra-cold neutron experiments.
Our principal argument is to consider that the bits of
the holographic screen form an entangled state, i.e., a
quantum state that can not be decomposed by a simple
product of uncorrelated states. In this situation, where
there are strong interactions, several studies point out
that the entropy defined by Tsallis [5–8], denoted from
now on as TT formalism, is more adequate than the stan-
dard Boltzmann-Gibbs (BG) [9] one. For example, con-
sidering a recent application, we can mention the general-
ized black hole formulation provided by Tsallis and Cirto
[10]. This study disclosed underlying features about an
expanding Universe in entropic cosmology, as was inves-
tigated with detail by Komatsu and Kimura [11].
Before we provide strong arguments in favor of VE
formalism, let us review, in a short way, both the VE
theory and the KA. The VE formalism is based on many
works that link the gravitational theory to thermody-
namics. Among them, we can mention studies by Beken-
stein [12], Hawking [13], Unruh [14] and Jacobson [15].
We must also mention that related ideas to VE formalism
were also presented by Padmanabhan [16].
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The VE concept considers a test massive particle ap-
proaching the holographic screen. An holographic screen
is a storage device for information which is constituted
by bits (bit is the smallest unit of information) and it
also shows thermodynamics properties. If the distance
between the particle and holographic screen is ∆x, then
the holographic screen experiences an entropy variation
given by
∆S = 2pikB
mc
~
∆x. (1)
The entropic force applied on the test particle has the
following form
F∆x = T∆S. (2)
Also, using the Unruh temperature
kBT =
1
2pi
~a
c
(3)
and Eqs. (1) and (2), we can obtain that the entropic
force reduces to
F = T
∆S
∆x
= ma, (4)
which is just the Newton second law. So, we can see that
from the thermodynamical point of view we are able to
reproduce using simple arguments one of the most impor-
tant equations in physics. Besides, using the equiparti-
tion theorem and the holographic principle, it is possible
to derive the Newton law of gravity [2].
In a different way, the KA initially considers that the
holographic screen contains a large number of micro-
scopic states denoted by |i(z) > and it is described by
a mixed state
ρS(z) =
∑
i(z)
pi(z) |i(z) >< i(z)| , (5)
2where pi(z) are the weights and satisfy the relations
0 < pi(z) ≤ 1;
∑
i(z)
pi(z) = 1. (6)
It is important to mention here that a quantum me-
chanical treatment of the holographic screen is, nowa-
days, poorly studied and consequently, it is an open ques-
tion [4]. Therefore, it is reasonable to assume that the
bits quantum states, contrarily to what was considered
by KA, can be more complex than a simple product of
states. These states can constitute a quantum entangle-
ment. We will see that, according to TT formalism, the
additive property of entropy can be lost.
The standard Von Neumann entropy (which is addi-
tive for a physical system that presents no interaction
between its constituents) is written as
S(z) = − kBTr[ρ(z) ln ρ(z)]. (7)
Let a particle (for instance, a neutron) be also described
by a density operator ρN in which Von Neumann entropy
is given by
S = − kBTr[ρN ln ρN ]. (8)
After taking into account some considerations, we have
the following equation for the neutron-screen systems [1]
SN (z +∆z) = SS(z +∆z)− SS/N (z), (9)
where SN is the entropy of the neutron, SS is the entropy
of the holographic screen, SS/N is the entropy of the
holographic screen without the fragment N , denoted the
“coarse-grained” screen, and ∆z is the distance between
the neutron and the holographic screen. The neutron
fragments in the holographic screen are bits which con-
tain information about the neutron particle. For small
∆z, the entropy SS(z +∆z) can be expanded as
SS(z +∆z) ≈ SS(z) + ∆SS . (10)
KA assumes that the entropy of holographic screen is
additive. Then we have
SS/N (z) = SS(z)− SN (z). (11)
Substituting Eqs. (10) and (11) into Eq. (9), we obtain
∆SS = SN (z +∆z)− SN (z), (12)
where ∆SS , from Eq. (1), is given by
∆SS = 2pikB
mc
~
∆z. (13)
Eqs. (12) and (13) show that if we consider initially
ρN (z) as a pure state, so we have SN (z) = 0. As Eq. (13)
is different from zero when ∆z 6= 0, then relation (12)
represents a mixed state ρN (z+∆z) under the translation
along z
ρN (z +∆z) ≡ UρN (z)U
+. (14)
Eq. (14) is only satisfied if the translation operator
U ≡ e−i∆zPˆz is not an unitary operator, UU+ 6= 1 and
consequently, the generator of z translations is not an
hermitian operator, Pˆ+z 6= Pˆz . At first sight, this is an
important result from KA because the time-independent
Schro¨dinger equation derived from the translation opera-
tor predicts eigenvalues and eigenvectors whose physical
results do not agree with the ultra-cold neutron experi-
ments.
It is well known that BG statistical formalism or the
standard entanglement entropy property (which is also
described by Von Neumann entropy) have strong sub-
additivity property. This property, at first sight, turns
KA compatible with VE formalism. However, when a
physical system presents strong interactions or entangle-
ment, BG formalism, or Von Neumann entropy, can not
satisfy an important thermodynamics property that is
extensivity[19]. Therefore, BG thermostatistics can fail.
There are, at moment, potential entropy candidates to
generalize the statistical mechanics of a physical system.
The most popular are Renyi[20] and Tsallis[8, 21, 22]
theories. Renyi approach, unlike Tsallis, does not satisfy
important thermodynamics properties as concavity and
convexity for q > 1[22]. Therefore, Renyi entropy can not
be an appropriate quantity for generalizing BG statistical
mechanics. Then, in principle, TT formalism seems to be
the unique precise theory for generalizing BG statistical
mechanics.
A system is said to be extensive if
0 < lim
N→∞
S(N)
N
<∞, (15)
where S is the entropy and N is the number of con-
stituents of a system. In order to guarantee that the
extensivity property of a system continues to be satis-
fied when long-range interactions are present, Tsallis has
proposed [5–8] a generalized entropy formula given by
Sq = kB
1−
∑W
i=1 p
q
i
q − 1
(
W∑
i=1
pi = 1), (16)
where pi is the probability of the system of being in a
microstate, W is the total number of configurations and
q is a real parameter called entropic index. TT formal-
ism contains an additive Boltzmann-Gibbs statistics as a
particular case in the limit q → 1. The entropy (16) can
also be written in terms of the density operator ρ
3Sq = kB Tr
ρ− ρq
q − 1
. (17)
From Eq. (16) or (17) we have an important result for
the entropy, namely
Sq(A+B) = Sq(A) + Sq(B)
+
(1− q)
kB
Sq(A)Sq(B), (18)
where we can observe that the entropy is no more addi-
tive except for the case q = 1. TT nonadditive entropy
is applied to a large number of physical systems which
are characterized by the existence of long-range correla-
tion. To mention some examples, there are systems en-
dowed with long-duration memory, anomalous diffusion,
turbulence in pure electron plasma and self-graviting sys-
tems. It is worth to mention that, in another study, one
of us [17] has applied the TT formalism in VE theory
specifically in the context of the fundamental length and
Newton’s law of gravity and to cosmology [18].
In order to circumvent the negative objections pointed
out by KA, we will consider that the entropy of neu-
tron’s fragments and the remaining bits that constitute
the holographic screen, Eq.(11), are no longer additive.
Here we are assuming that the quantum neutron frag-
ments state is entangled with the remaining quantum bits
state. In this case, the total entropy of the holographic
screen is not a sum of each part. Considering that TT
entropy is the most suitable choice for our model, then
we can use Eq. (18) for q ≥ 1, leading to the relation
SS(z) ≤ SS/N (z) + SN (z). (19)
Following the same steps of KA, except condition (11),
we obtain
∆SS ≥ SN (z +∆z)− SN (z). (20)
We must mention in Eq.(20) that the equal sign refers to
the ∆z = 0 case. This equal sign is necessary to maintain
(20) consistent with (13) for ∆ z = 0. Consequently, we
have that ∆SS > 0 for ∆z 6= 0. If we start with a pure
neutron state, i.e., SN (z) = 0, then the neutron state
ρN (z + ∆z) can also remain in a pure state and conse-
quently, SN (z+∆z) = 0, a result that does not contradict
the inequality (20). This result makes the translation op-
erator U ≡ e−i∆zPˆz an unitary one and, consequently, the
generator of z translations is now an hermitian operator.
In other words, U †U = 1 =⇒ Pˆ+z = Pˆz . The time-
independent Schro¨dinger equation now predicts the re-
sults that agree nicely with the ultra-cold neutron-gravity
experiment as mentioned in KA description.
To conclude, KA is not the only possible quantum ex-
tension of VE formalism. Other possibilities may be in-
teresting options for future studies. However, our inten-
tion in this work is to analyze the KA main result in the
light of TT ideas together with the quantum mechani-
cal analysis of the holographic screen in order to demon-
strate VE hypothesis. In fact, bits play an important role
in VE formalism. Therefore, it is reasonable that we can
generalize the VE theory and assume that the neutron
fragments and the remaining bits can interact strongly
constituting an entangled state. Consequently, accord-
ing to TT formalism, the entropy is no longer an additive
quantity and the usual Boltzmann-Gibbs thermodynam-
ics is not the most appropriate choice. TT formalism ap-
pears as a natural candidate to describe, in a more gen-
eral way, the thermodynamics of physical systems that
present strong interactions among its constituent.
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